
Original Article
Evaluation of a rapid multi-attribute combinatorial
high-throughput UV-Vis/DLS/SLS analytical
platform for rAAV quantification and characterization
Xueyuan Liu,1,2 Riffard Jean-Gilles,3 Julia Baginski,1 Christina Cai,1 Ruilan Yan,1 Lili Zhang,1 Kevin Lance,3

Johannes C.M. van der Loo,1,4 and Beverly L. Davidson1,4

1Raymond G. Perelman Center for Cellular and Molecular Therapeutics, The Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA; 2School of Biomedical

Engineering, Science and Health Systems, Drexel University, Philadelphia, PA 19104, USA; 3Unchained Labs, Pleasanton, CA 94588, USA; 4Department of Pathology

and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA
Recombinant adeno-associated virus (rAAV)-based gene ther-
apies are expanding in their application. Despite progress in
manufacturing, current analytical methods for product quan-
tification and characterization remain largely unchanged.
Although critical for product and process development, in-pro-
cess testing, and batch release, current analytical methods are
labor-intensive, costly, and hampered by extended turnaround
times and low throughput. The field requires more efficient,
cost-effective analytical techniques capable of handling large
sample quantities to accelerate product and process develop-
ment. Here, we evaluated Stunner from Unchained Labs for
quantifying and characterizing rAAVs and compared it with
established analytical methods. Stunner is a combinatorial an-
alytic technology platform that interpolates ultraviolet-visible
(UV-Vis) absorption with static and dynamic light scattering
(SLS/DLS) analysis to determine capsid and genomic titer,
empty and full capsid ratio, and assess vector size and polydis-
persity. The platform offers empirical measurements with min-
imal sample requirements. Upon testing hundreds of rAAV
vectors, comprising various serotypes and transgenes, the
data show a strong correlation with established analytical
methods and exhibit high reproducibility and repeatability.
Some analyses can be applied to in-process samples from
different purification stages and processes, fulfilling the de-
mand for rapid, high-throughput analysis during development.
In sum, the pipeline presented streamlines small- and large-
batch analytics.
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INTRODUCTION
The use of recombinant adeno-associated virus (rAAV) as the de facto
viral vector for gene therapy was solidified after the approval by the
Food and Drug Administration of LUXTURNA for Leber congenital
amaurosis (LCA) in 2017, and ZOLGENSMA for spinal muscular at-
rophy (SMA) in 2019.1,2 rAAV owes its commercial appeal and suc-
cess to its low immunogenicity, low-pathogenic nature when applied
at low doses, expansive tropism provided by existing and emerging
capsid variants, and prolonged transgene persistence in non-dividing
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cells.3,4 There are currently over 200 rAAV-based gene therapy clin-
ical trials worldwide, with many in or close to clinical phase III, and
over a thousand more in preclinical stages of development.3,5–9

rAAVs are used either as active pharmaceutic ingredients or as crucial
intermediate products, placing them in high demand and necessi-
tating premium quality.10–12 Scaling up rAAV biomanufacturing
while maintaining high-performance quality attributes requires the
use of standardized analytical methods. However, while rAAV
manufacturing technology has improved dramatically in recent years,
analytical methods used for product and process characterization
have lagged and have struggled to adequately support the rapid devel-
opment of therapeutics.13–19

rAAV products are characterized by critical quality attributes
(CQAs), which define product quality and process robustness, and
highlight the relationship between functional potency and process pa-
rameters. Virus titer and purity are the two most important CQAs for
process development.20 Virus titer, a quantified measurement of vec-
tor productivity, is represented by genomic titer in vector genomes or
genomic copies per milliliter (VG/mL or GC/mL). Capsid titer is ex-
pressed as capsid particles per milliliter or viral particles per milliliter
(CP/mL or VP/mL). Vector purity is defined by the presence or
absence of contaminants or product-related impurities such as empty
capsids, vectors containing truncated genomes, packaging plasmids,
host cell DNA, and vector aggregates. Purity has an impact on safety,
efficacy, consistency, and durability. Both titer and purity are influ-
enced by the design of the vector construct and the manufacturing
process. Titer and purity are important to demonstrate the robustness
nical Development Vol. 32 September 2024 ª 2024 The Authors.
r Inc. on behalf of The American Society of Gene and Cell Therapy.

1

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2024.101298
mailto:vanderlooj@chop.edu
mailto:davidsonbl@chop.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2024.101298&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Three detection methods in the Stunner AAV Quant platform

(A) DLS produces a distribution of particles by size that can be analyzed for the relative intensity of light scattered by capsids and aggregates. (B) SLS is quantified as a

Rayleigh Ratio and is the scattering intensity during a DLS experiment correlated to capsid titer, with full and empty capsids scattering different light intensities. (C) UV-Vis

spectroscopy is utilized to quantify amounts of ssDNA and protein to calculate the empty/full ratio.
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of the process and serve as indicators of the efficacy and safety of
rAAV-mediated gene therapy products.21 Therefore, these should
be optimized at early development stages. Among the array of
rAAV quantification methods, genome titer is usually determined
by droplet digital PCR (ddPCR), digital PCR (dPCR), or quantitative
PCR (qPCR), and capsid titer by ELISA or silver stain/SDS-PAGE
gel.22–26 While often the choice for batch release assays, PCR and
ELISA-based methods are time-intensive and laborious, demand sig-
nificant sample volumes, and are not well suited for high-throughput
screening during development.27 In a quest for more efficient alterna-
tives, rapid quantification techniques such as bulk optical density
(OD) or ultraviolet-visible (UV/Vis) spectrophotometry, have been
developed.28 UV is a direct and simple assay that can quantify both
protein (OD280) and genomic (OD260) titers. Once the extinction
coefficient is determined, the assay makes titer determination readily
accessible and empty/full particle ratio evaluation straightforward.
However, for in-process samples, interference by iodixanol, cellular
protein, and DNA impurities impede the readout and can affect accu-
racy.29 Nevertheless, for purified products, the computation is fast
and readily understood. The analysis can be performed quickly and
reliably with very little sample consumption, which makes this
method ideal for rapid, high-throughput screening.

Methods for purity determination rely on techniques like cryo-elec-
tronic microscopy (cryo-EM), analytical ultracentrifugation sedimen-
tation velocity (AUC-SV), charge detection mass spectroscopy
(CDMS), ion-exchange chromatography with multi-angle light scat-
tering (IEC-MALS), size exclusion chromatography with multi-
angle light scattering (SEC-MALS), and surface plasmon resonance
(SPR).30–37 However, these methods require specialized skills and in-
struments, making them less useful for early-stage research and devel-
opment. Consequently, the rigorous assessment of vector purity often
takes a backseat during vector screening and optimization. To address
this gap, some research groups have used light scattering to charac-
terize and quantify rAAV vectors. However, light scattering is a bulk
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
measurement and is non-selective.30While not impacted by the extinc-
tion coefficient of chromophores present in the sample, the scattering
profile does not distinguish main analytes from other components.
Large impurities, even when present in small amounts, can distort
the apparent distribution and skew the size determination.30 As a
result, light scattering is often paired with composite analytical tech-
niques like IEC-MALS or SEC-MALS, which are used to determine
the molecular weight, size, and distribution of polymers and large bio-
molecules.36,37 However, while these methods capture CQAs, the as-
says are low throughput and highly complex. This approach also in-
creases cost, making it less feasible for discovery and pre-clinic studies.

As such, there is an unmet need to develop and adapt methods for
cost-effective, simple, rapid, high-throughput evaluation of vector
quantity and purity during early development stages. Here, we evalu-
ated the use of Stunner, which combines static light scattering (SLS),
dynamic light scattering (DLS), and UV-Vis spectrophotometry data
(Figure 1) and qualified its capabilities with hundreds of purified
rAAV vectors encompassing various serotypes and transgenes, as
well as in-process samples from two different purification methods.
The platform integrates UV-Vis and DLS/SLS analysis to simulta-
neously determine capsid and genomic titers and assess vector purity
and quality.

RESULTS
Stunner correlates with ddPCR or qPCR for titer

Droplet digital PCR (ddPCR) and quantitative real-time PCR (qPCR)
are widely accepted methods commonly used to quantify the concen-
tration of encapsidated viral genomes present in an rAAV sample
either directly, or indirectly via a standard curve. To explore the
relationship between Stunner full capsid titer and genome titer
determined by ddPCR or qPCR, we conducted Pearson correlation
studies on two groups of purified rAAV samples representing an
array of serotypes and transgenes (Table 1 and Figure 2). Both com-
parisons showed a strong positive correlation for Stunner full capsid
er 2024



Table 1. Pearson correlation study of different comparison groups

Comparison group Pearson correlation (r) p value R2 (regression) Sample size

Stunner full capsid titer vs. ddPCR genomic titer 0.91 p < 0.001 0.83 n = 150

Stunner full capsid titer vs. qPCR genomic titer 0.82 p < 0.001 0.67 n = 60

Stunner total capsid titer vs. silver stain particle titer 0.84 p < 0.001 0.71 n = 150
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titer vs. ddPCR genomic titer (r = 0.91, p < 0.001), and for Stunner full
capsid titer vs. qPCR genomic titer (r = 0.82, p < 0.001). Scatterplots
and linear regression models generated in the log10 scale for Stunner
vs. ddPCR (Figure 2A) and Stunner vs. qPCR (Figure 2B) showed a
linear correlation.

For the comparison of Stunner full capsid titer vs. ddPCR genomic
titer, we utilized a total of 150 rAAV samples, which included 108
unique vectors and 15 vectors from different production lots of
AAV1, AAV2, AAV5, AAV6, AAV8, and AAV9 vectors as well as en-
gineered ones. In total, there were 66% standard serotypes and 34% of
engineered serotypes (Figure 2C). The samples contained approxi-
mately 92 unique transgenes, including seven self-complementary
constructs. All 150 samples quantified by Stunner AAV Quant and
ddPCR used either transgene-specific or ITR primer-probe sets. A to-
tal of 15 different sets of ddPCR primer-probe were used, with the ITR
primer-probe used in 13% of total samples and the WPRE primer-
probe employed in 51% of samples (Figure 2D). The effect of the
primer-probe set, WPRE vs. “Other” for ddPCR was investigated.
The data show that there was no statistical difference (p = 0.168) be-
tween the WPRE and “Other” groups (Figure 2E).

In the comparison of Stunner full capsid titer vs. qPCR genomic titer,
a total of 60 rAAV samples were included, with serotypes AAV1,
AAV2, AAV5, AAV6, AAV7, AAV8, and AAV9 accounting for
92% of the samples while the remaining 8% of samples contained
novel engineer capsids (Figure 2F). The sample set comprised 32
unique transgenes including two double-stranded rAAV vectors.
Samples were quantified on qPCR using transgene-specific primer-
probe sets and by Stunner AAV Quant. In total, there were 16 trans-
gene-specific primer-probe sets, with the eGFP primer-probe being
used in 45% of the samples (Figure 2G). Both the eGFP-specific
and “Other” primer-probe sets in qPCR showed a positive correlation
with Stunner (Figure 2H) and there was no significant difference be-
tween the two (p = 0.072).

Stunner total capsid titer correlates with traditional particle titer

method

SDS-PAGE/silver stain was employed to determine the particle titer
of highly purified rAAV using a reference vector with a known titer.26

A total of 150 rAAV samples were quantified by both SDS-PAGE/sil-
ver stain and Stunner. Titers determined by SDS-PAGE/silver stain
and Stunner showed a strong correlation of 0.84 (p < 0.001; Table 1).
Scatterplot showed a linear correlation (R2 = 0.71, Figure 2I). Within
the dataset, there were 131 unique vectors, including 104 unique
transgenes, 103 conventional serotypes, and 47 novel-engineered se-
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rotypes (Figure 2J). A comparison of the correlations between SDS-
PAGE/silver stain (SS titer) and Stunner (Stunner total) in samples
with conventional capsids with known amino acids (N = 103), and
in samples with engineered novel serotypes with undisclosed amino
acids (N = 47), was also conducted. Correlation between SS titer
and Stunner total for the conventional group was 0.86 and for the en-
gineered group was 0.75. The use of conventional or novel capsids did
not show a significant difference (p = 0.078; Figure 2K).

Bootstrapping studies on the correlation comparison groups

To further test the robustness of the correlation in a smaller sample
set, a nonparametric bootstrapping study was performed by
randomly selecting one-sixth of the total samples 10,000 times. For
the ddPCR group, 25 out of 150 samples were randomly selected,
10,000 times, and the correlation distribution curve resulted in a me-
dian of 0.91 with a 95% confidence interval (CI) range of 0.81–0.96
(Figure 3A). Similarly, for the same sample size in the silver stain
group, the 95% CI for the mean correlation was 0.85, with a range
of 0.64–0.93 (Figure 3C). For the smaller qPCR sample group, a sub-
set of 10 samples was used and yielded an estimated median correla-
tion of 0.83 with a 95% CI range between 0.53 and 0.94 (Figure 3B).

Stunner full and empty measurement correlates with cryo-EM

data and pre-mixed ratios

To validate the ability of the Stunner UV-Vis/DLS/SLS platform to
identify empty and full capsids and to determine the percent empty
and full capsids, we tested three samples (two purified rAAV vectors
and their 1:1 mixture) by cryo-EM and Stunner and compared the
percent full capsids (% Full). The cryo-EM-derived and Stunner-
based %Full in each of the three samples showed no significant differ-
ence (Figures 4A and 4B), confirming the correlation with Stunner
obtained with ddPCR, qPCR, and SDS-PAGE/silver stain.

In addition, we diluted a known quantity of full capsids with empty
capsids at known ratios (100/0, 80/20, 60/40, 40/60, 20/80, and
0/100) and then quantified the mixtures on Stunner. The Stunner
readout effectively captured the pre-determined mixed ratios in the
sample group, as shown in Figure 4C. A linear regression test on %
Full comparing the readout by Stunner measurement with the titra-
tion ratio yielded an equation of y = 0.9699*x (R2 = 0.9944,
p < 0.001), and the slope at 95% CI ranged from 0.903 to 1.036.

Stunner measurement identifies vector particle size and

aggregates

To assess Stunner’s capability to identify particle size and aggregation,
purified rAAV (Lot#RVC0997), pre-concentrated, and 36-fold
herapy: Methods & Clinical Development Vol. 32 September 2024 3
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Figure 2. Titer correlation studies between Stunner UV-Vis/DLS/SLS platform and conventional methods

(A) Scatterplot and regression line for ddPCR from 150 samples (A; R2 = 0.83, Pearson r = 0.9; p < 0.001). (B) Scatterplot and regression line generated from 60 samples,R2 =

0.67, Pearson r = 0.82; p < 0.001). (C) Sample serotypes used in (A). (D) ddPCR primer-probe used in (A). (E) Comparison between samples assayed using WPRE probes

(blue; n = 77, R2 = 0.78, Pearson r = 0.88, p < 0.001) and other primer-probe assays (red; n = 73, R2 = 0.86, Pearson r = 0.93, p < 0.001). (F) Serotype information for the 60

serotypes used for qPCR in (B). (G) Primer/probes for qPCR include eGFP probes and transgene-specific probes assessed in (B). (H) Correlation between eGFP qPCR assays

with Stunner full titer (blue; n = 31, R2 = 0.56, Pearson r = 0.75, p < 0.001) or other transgene assays (red; n = 29, R2 = 0.80, Pearson r = 0.90, p < 0.001). (I) Correlation

between Stunner total capsid titer and SDS-PAGE/silver stain particle titer (SS titer) from 150 samples (R2 = 0.71, Pearson r = 0.84, p < 0.001). (J) Serotype information for (I).

(K) Correlation between naturally occurring serotypes (blue; n = 103,R2 = 0.74, Pearson r = 0.86, p < 0.001) and engineered capsids (red; n = 47, R2 = 0.57, Pearson r = 0.75,

p < 0.001).
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concentrated vector samples were evaluated. Stunner AAV Quant
provides the intensity distribution of rAAV particles by plotting par-
ticle size (hydrodynamic diameter) to signal strength (amplitude).
Based on particle size and area under the curve, the software provides
the percentage of single particles, aggregates, and small particles or
fragments. The pre-concentrated sample showed a main peak with
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
a hydrodynamic diameter of 24.5 nm and a capsid intensity of
92.2%, as well as a small peak of aggregates with a hydrodynamic
diameter of around 200 nm and an intensity of 7.8% (Figure 5A).
In the concentrated sample, the main peak broadened to hydrody-
namic diameters ranging from �20 nm to �700 nm with capsid in-
tensity dropping to 34.9% and aggregate intensity increasing to
er 2024



Figure 3. Bootstrapping studies for the three correlation groups

(A) For ddPCR genomic titer and Stunner full capsid titer, a subset of 25 samples

was randomly selected 10,000 times to generate a correlation distribution curve,

resulting in a 95% confidence interval (CI) median of 0.91 and a range of [0.81–0.96].

(B) For qPCR genomic titer and Stunner full capsid titer, a subset of 10 samples was

randomly selected 10,000 times to generate a correlation distribution curve, re-

sulting in a 95% CI median of 0.83 and range of [0.53–0.94]. (C) For silver stain

particle titer and Stunner total capsid titer, a subset of 25 samples was randomly

selected 10,000 times to generate a correlation distribution curve, resulting in a 95%

CI median of 0.85 and range of [0.64–0.93].
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64.9%. Because of the range of the peak, a capsid diameter could not
be defined. A small particle peak with a hydrodynamic diameter of
4 nm and an intensity of 0.2%, representing breakdown products, ap-
peared in the concentrated sample (Figure 5B). The data confirm the
ability of Stunner to identify particle size, aggregates, and breakdown
products.

Stunner characterization of in-process samples

To evaluate whether Stunner could be used for qualitative analysis of
in-process samples, we tested samples collected from two vectors, one
purified by cesium chloride (CsCl) gradient ultracentrifugation and
another purified by AAVX affinity column chromatography. For
the CsCl purification process, four in-process samples (crude harvest,
concentrated, first CsCl, and second CsCl) were collected and tested
by Stunner for UV-Vis absorbance spectrum (Figure 6A), particle in-
tensity distribution (Figure 6B), titer (Figure 6C), and percentage of
full and empty (Figure 6D). The UV-Vis absorbance values of sin-
gle-stranded DNA (ssDNA) (260 nm), protein (280 nm), total spec-
trum, and impurity levels were high in the crude harvest sample. Im-
purity levels further increased after concentration but decreased
dramatically after each subsequent CsCl density gradient (Figure 6A).
This trend was also evident in the titer quantification plot, showing a
3-fold increase in total protein/ssDNA (capsid-associated, free, and
aggregated) after concentration. Following the first CsCl purification,
protein levels decreased approximately 30-fold and DNA levels
decreased approximately 4-fold, with both seeing further reduction
after the second CsCl (Figure 6C). Capsid and genome titer increased
as rAAV particles were enriched through the purification process
from crude harvest to the second CsCl (Figure 6C). This is reflected
in the DLS-based intensity distribution where the capsid intensity
increased as the aggregates intensity decreased (Figure 6B). The per-
centage of full capsids was similar in the crude harvest and concen-
trated samples (�35%), then increased to 90% after the first CsCl
and close to 100% after the second CsCl enrichment (Figure 6D).
While quantitative analysis of in-process samples is challenging due
to the presence of impurities that can inhibit or enhance the readout,
the data presented here demonstrate that Stunner can be used for
qualitative analysis of in-process samples.

Next, we tested Stunner using a rAAV vector purified by POROS
CaptureSelect AAVX affinity chromatography. Stunner data were
gathered from two aliquots of the affinity chromatography, during
the flow-through stage as well as the elution (peak collection) stage
(Figure 7). In the flow-through sample, the UV-Vis absorbance values
were high due to the presence of free and aggregated protein andDNA,
showing high levels of aggregates at the expected particle size (Fig-
ure 7A). In contrast, the elution (peak collection) sample had a lower
absorbance value with no free and aggregated protein and DNA de-
tected, 100% capsid intensity with 85% full capsid (Figure 7B).

DISCUSSION
The accurate and rapid assessment of rAAV samples is essential for
advancing gene therapy research and development. In this study,
we evaluated Stunner’s capacity to analyze rAAV vector titer, purity,
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Figure 4. Stunner UV-Vis/DLS/SLS identifies empty and full capsids and recapitulates data determined by cryo-EM

(A) Percent full capsids were measured by cryo-EM (blue) and Stunner UV-Vis/DLS/SLS platform (green) on two purified AAV vectors and a 1:1 mixture of both vectors. Data

represent mean ± SD (n = 3). (B) Cryo-EM images from samples 1 and 2 show full and empty capsids, respectively. (C) Stunner readout on %Full (open bars) and %Empty

(gray) capsids compared with the pre-mixed ratios. Data represent mean ± SD (n = 4).
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aggregation, and percent full and empty, both during and after the
purification process. To ascertain broad utility for a variety of rAAVs,
we used hundreds of rAAV samples representing various serotypes
and different expression cassettes. Our findings highlight the effec-
tiveness of Stunners’ integrated UV-Vis/DLS/SLS analysis and
comprehensive characterization and quantification of rAAV. The
small 2-mL sample needed for high-throughput analysis in a 96-well
plate format marks a significant advancement by eliminating the
need for large quantities of purified vectors, reference standards, sam-
ple preparation, or labeling, thereby streamlining early-stage AAV
vector and process development.

A key outcome of our investigation is the statistically significant corre-
lations between Stunner measurements and established genomic and
particle titering assays in purified product, as presented in Table 1
and Figure 2. Analyses on small samples using bootstrapping corrob-
orated Stunner’s quantification capability. Notably, ddPCR exhibited
the highest Pearson correlation coefficient, regression R2, and mean
correlation at a 95% CI, as expected due to its technological advantages
over qPCR and SDS-PAGE/silver stain.20,24,25,38,39 In a sub-study
comparing engineered to conventional capsids, engineered capsids
had lower Pearson correlation coefficients and regression R2 values.
The latter is likely because amino acid sequences for the proprietary
engineered capsids were not available and capsid extinction coeffi-
cients were estimated for the analysis. These findings underscore the
effectiveness of the deconvolution algorithm employed in the analysis.
Overall, the correlation data presented collectively support the reli-
ability and accuracy of the UV-VIS/DLS/SLS technology in measuring
rAAV titer, offering results comparable to conventional methods.

The quantificationmethod based onOD 260/280, previously reported
by Wright et al., has been a cornerstone for the quantification of
full and empty capsids.28 OD 260/280 offers a rapid and reliable alter-
native to the capsid ELISA or silver stain gel electrophoresis in
conjunction with genome qPCR or ddPCR, and electron microscopy.
However, OD 260/280 is limited to purified rAAV as it is unable to
differentiate capsid-associated from non-capsid-associated proteins,
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
DNA, or aggregates. To overcome this limitation, others adapted
the method and utilized the A260/A280 ratio in tandem for in-pro-
cess samples, such as multi-monitor HPLC assays equipped with
dual-wavelength UV monitoring in combination with intrinsic fluo-
rescence, extrinsic fluorescence, and light scattering.40 However, this
approach requires a large capital investment and intensive training. In
contrast, the integrated DLS and SLS technology provided by Stunner
provides a comprehensive solution for qualitative analysis of in-pro-
cess samples. The analysis provides multi-attribute sample informa-
tion such as the amount of capsid-associated proteins and DNA,
free and aggregated proteins and DNA, capsids of interest, small par-
ticles, aggregates, empty and full capsids, sample turbidity, and impu-
rities. These physical attributes are important for product and process
development. While Stunner, similar to other technologies, is affected
by impurities present in non-purified in-process samples andmay not
be suitable for exact vector quantification in non-purified samples, the
technology provides a fast and comprehensive multi-attribute quali-
tative analysis allowing comparison of vector samples during process
development using a single instrument.

As yields and vector concentrations increase, there are increasing
concerns about aggregation and vector stability.41 As highlighted in
this study, the various parameters captured by Stunner revealed
changes that occurred during the purification and concentration pro-
cess, including aggregation and breakdown products. Thus, Stunner
can be used for offline real-time monitoring and assessment during
manufacturing and process development, and as a stability-indicating
assay, enable researchers to make informed decisions and effectively
prioritize resources for downstream purification.

Stunner offers an empirical and comprehensive assessment that sur-
passes conventional methods. For example, in PCR-based genomic
quantification assays, amplicon choices and the effect of DNase treat-
ment on vector stability can affect titer measurements.24,31,42,43 Parti-
cle titer by SDS-PAGE/silver stain or ELISA can be affected by the
standards used or antibody employed in the assay. Unlike these
methods, Stunner provides a direct measurement of vector samples
er 2024



Figure 5. Stunner DLS measures particle size and

identifies aggregates

(A) DLS particle distribution of a vector sample before

concentration, displaying a narrow capsid peak with an

average capsid diameter at 24.5 nm and aggregate in-

tensity of 7.8%. (B) DLS particle distribution of the sample

after 36-fold concentration showing an aggregation

intensity of 64.9%. Capsid diameter could not be

determined.
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though UV-Vis SLS/DLS, eliminating the dependence on standards
or amplification efficiency. This may account for the observed dis-
crepancies in some samples between Stunner and ddPCR or qPCR ti-
ters and aligns with the sub-studies that show no significant difference
between various PCR assays or amplicons used. Moreover, Stunner’s
capability to distinguish between empty and full capsids, along with
its ability to quantify free and aggregated proteins and DNA, and to
assess particle size and size distribution, in a single measurement
marks a significant advancement.

Other approaches to characterize rAAV remain important but
require additional resources and skills, making them cumbersome
for early-stage development.20 As an example, analytical ultracentri-
fugation (AUC) allows for a high-resolution determination of empty
and full capsids in a sample and provides a reliable quantification of
partially packaged vector populations.44 However, the high cost of
acquisition, the low throughput, and larger volume sample require-
ments make AUC impractical to most. Comparison between Stunner
and AUC showed a strong correlation in the determination of empty
and full capsids (Figure S1). IEC-MALS and SEC-MALS have also
been used in tandem to characterize rAAVs.36,37 While these technol-
ogies can be used to characterize rAAV particles and payload, the
sample volume requirement for SEC-MALS is 25-times larger than
what is required for Stunner, which is impractical in early discovery.
In addition, the computation of relevant characteristics must be per-
formed offline.37 Consequently, due to its economic implications and
low throughput, SEC-MALS is less suited than Stunner for daily
routine usage at high throughput.

A downside of Stunner is that it does not report on partially filled cap-
sids. Recent studies have demonstrated that multiplexed PCR reac-
tions and capillary electrophoresis can be used to evaluate viral
genome integrity and vector therapeutic payload.24,45,46 These assays
can be used in addition to Stunner to assess particles with partially
filled or truncated genomes. Other options include combining Stun-
ner’s analysis with other conventional assays, such as capillary gel
Molecular Therapy: Methods & C
electrophoresis for assessing packaged genomes,
or employing multiple ddPCR reactions targeting
different segments across the same genome.

During the product discovery and development
stage, it is crucial for researchers to gain insight
into the rAAV vector biophysical properties and
their relationships to therapeutic effectiveness. Orthogonal assays
are needed to fully assess rAAV quantitatively and qualitatively, as
previously described.47 However, it is impractical to perform orthog-
onal techniques at the early discovery and development stage due to
technology limitations and resource constraints. Stunner fills the gap,
not only by facilitating rapid vector quality control but also by sup-
porting vector screening, development, and optimization. In addition,
Stunner offers insights into the vector’s physical and qualitative char-
acteristics through a multi-parametric analysis.

Like any technology, the workable range and limitations of the Stun-
ner UV-Vis/DLS/SLS platform need to be well understood. We
demonstrated that Stunner can be used with a high level of accuracy
to quantify and characterize purified vectors with titers ranging from
low-1012 to mid-1013 vg/mL. The platform tolerates salt, surfactants,
and other common buffers, except for iodixanol, which is known to
interfere with OD260/280 determinations even at low concentrations,
as previously described.28 Stunner calculates the percentage of empty
and full capsids based on total DNA and protein, assuming the ratio
between empty and full particles is the same for both the capsid of in-
terest and aggregates. However, this assumption may prove inaccu-
rate when capsid-associated protein levels are negligible, leading to
misleading data, especially in less pure or in-process samples. For
instance, Figure 7A demonstrates that although no assembled capsids
were detected in the flow-through sample, the reported percent of full
and empty capsids was inflated due to the higher amount of free and
aggregate protein and DNA in the sample. Therefore, it is important
for Stunner users to thoroughly understand the parameters being
measured and the analysis methodology employed to fully leverage
the platform’s capabilities. The platform is designed to be used as a
comprehensive toolbox, capturing and storing a significant amount
of biophysical data. However, only selected data directly related to
protein concentration and DNA titer, as well as empty and full cap-
sids, are currently presented on the AAV Quant interface. Data,
including molecular weight of empty and full particles, peak of inter-
est mass, and mode diameter, are measured and available for analysis
linical Development Vol. 32 September 2024 7
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Figure 6. Stunner UV-Vis/DLS/SLS for qualitative assessment of in-process samples during CsCL density gradient purification

Stunner analysis of in-process samples from four subsequent steps in vector purification: crude harvest, concentrated, first CsCl spin, and second CsCl spin. Output graphs

are presented for each in-process sample and grouped in (A)–(D) as (A) UV-VIS absorbance spectrum, showing total spectrum (black), ssDNA (green), protein (blue), impurity

(purple), and turbidity (gray); (B) DLS particle distribution displays capsids of interest (green), small particles, and large particles or aggregates (gray); (C) titers, showing total

capsid titer (dark blue), full capsid titer (dark green), free and aggregate protein (light blue), and free and aggregate ssDNA (light green); (D) percentages of full (yellow) and

empty (maroon) particles.
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but are not currently displayed on the user interface. It would be bene-
ficial in future iterations of Stunner software if users could preset the
range for the capsid of interest, as the broadness of the full capsid par-
ticle peak in a test article appears to be affected by the purity.
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
In summary, our findings support the Stunner UV-Vis/DLS/SLS
platform as a valuable stand-alone or supplementary tool in rAAV
development. Although it does not replace standard product release
assays like PCR, SDS-PAGE gels, and AUC, it can serve as a powerful
er 2024



Figure 7. Stunner UV-Vis/DLS/SLS characterize in-process samples in affinity chromatography purification

(A) Stunner analysis output of flow-through sample. (B) Stunner analysis output of peak collection sample.
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complementary tool for vector quantification in purified vector sam-
ples and product characterization, offering quick and accurate direct
particle assessment and real-time process/production monitoring.
With its high-throughput format, small sample requirement, ability
to handle a reasonable titer range, and tolerance for varying formula-
tions, the Stunner UV-Vis/DLS/SLS technology presents an efficient
tool for vector manufacturing.

MATERIALS AND METHODS
Stunner AAV quant application

Stunner (Unchained Labs, Pleasanton, CA) combines static light scat-
tering (SLS), dynamic light scattering (DLS), and UV-Vis spectropho-
tometry data in its AAV Quant application to produce rapid, multi-
attribute characterization of rAAV vectors (Figure 1). Analysis of a
single rAAV sample produces multiple outputs, including capsid titer
(listed as “total capsid titer”), genome titer (listed as “full capsid
titer”), empty/full ratio, particle size, polydispersity, and quantifica-
tion of the total amount of protein and DNA, including free and
aggregated protein and DNA.

Stunner experimental setup and analysis

A 2-mL sample was loaded onto specialized 96-well plates, which
include microfluidic channels and dual-cuvettes (Unchained Labs,
Pleasanton, CA). Samples were typically loaded in triplicates unless
otherwise specified. The AAV Quant application was selected in the
Lunatic & Stunner Client software (version 7.2.0.164), and data
were acquired using a customized DLS setting that consisted of 10 ac-
quisitions, each lasting 5 s. Water blanking was used to mitigate the
risk of overcorrecting from buffer blanking during UV-Vis deconvo-
lution.While the buffers were not used for the background correction,
they were also measured to rule out any artifactual contribution. Sam-
Molecular T
ple information including serotype and viral genome size was entered
to ensure accurate titer determinations. Data analysis was fully auto-
mated using the Lunatic & Stunner Analysis Software (version
8.1.0.244). Detailed methodology and parameters are delineated in
the supplemental methods section.

rAAV production, purification, and concentration

rAAV vectors were produced by transient transfection of adherent
human embryonic kidney epithelial cells (HEK293) and purified by
cesium chloride (CsCl) density gradient or column chromatography
as previously described.48–51 Purified empty and full vectors were
collected separately, formulated in phosphate-buffered saline con-
taining 0.005% Pluronic F-68, and sterile-filtered (0.2 mm) before final
fill. For certain production lots, in-process samples at each purifica-
tion step were also collected for analysis. To reach a desired titer,
some purified vectors were concentrated using a Vivaspin 6 centrifu-
gal concentrator (MWCO 100 kDa) according to the manufacturer’s
instructions (Sartorius, Germany).

Vector genome titration by ddPCR

Digital droplet polymerase chain reaction (ddPCR) was used to quan-
tify DNase-resistant, genome-containing particles via transgene-spe-
cific or ITR-specific primer probes. Briefly, 5 mL of vector (test article)
was treated with 5 units of DNase I (Invitrogen, Waltham, MA) at
room temperature for 30 min, followed by serial dilutions with sam-
ple diluent buffer as previously described.25 Three dilutions ranging
from 104- to 108-fold were chosen for amplification reactions based
on the expected titers. According to the manufacturer’s instruction,
ddPCR reactions were assembled with ddPCR Supermix for
Probes (No dUTP) (Bio-Rad, Hercules, CA), 0.9-mM primers, and
0.2-mM probe (IDT, Coralville, IA) in a final volume of 20 mL,
herapy: Methods & Clinical Development Vol. 32 September 2024 9
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partitioned into droplets via QX-100 droplet generator (Bio-Rad,
Hercules, CA). Droplets were transferred to a 96-well PCR plate
and sealed with foil seal using a PX1 PCR plate sealer set to 180�C
for 5 s. PCR amplifications were performed on SimpliAmp Thermal
Cycler (Invitrogen, Waltham, MA) according to the following proto-
col: 37�C for 30 min, 95�C for 10 min, followed by 36 cycles of 95�C
for 30 s, 60�C for 1 min, 72�C for 15 s, and a final 98�C heat treatment
for 10 min. Upon completion of the amplification, the plate was left at
4.0�C for at least 30 min. Then, PCR plates were transferred and
scanned in the QX200 Droplet Reader (Bio-Rad, Hercules, CA).
Data were captured and analyzed with the Direct Quantification
experiment program in the QuantaSoft Manager Software Regulatory
Edition (Bio-Rad, Hercules, CA). Datasets associated with low total
droplets (<12,000 droplets/well) as well as sets with an abnormal pos-
itive droplet count in the no-template control (NTC) well were
excluded from the analysis. Qualified titer (GC/mL) was calculated
using concentration (copies/mL), reaction volume, sample input vol-
ume, and dilution factor from the wells containing 200 to 10,000 pos-
itive droplets. The final vector titer and the coefficient of variation
were computed from three dilutions.

Vector genome titration by Taqman real-time qPCR

Vector quantification by real-time quantitative PCR (qPCR) was
achieved through a transgene-specific primer-probe and a standard
curve generated from plasmid DNA containing the same amplicon
(usually a cis plasmid containing the same transgene, not shown).
Plasmid DNA was linearized with a single cutter restriction enzyme,
gel-purified, quantified by UV absorbance using the NanoDrop
2000/2000c Spectrophotometers (ThermoFisher Scientific, Waltham,
MA), and then serially diluted based on molecular weight.26 This re-
sulted in six standards ranging from 106 to 1011 genome copies (GC)
per milliliter. For each test article, three dilutions were used (1:1,000,
1:5,000, and 1:25,000) following DNase I treatment at room tempera-
ture for 30 min and vector lysis in 0.2% SDS/5 mM EDTA/200 mM
NaCl at 95�C for 10 min. An aliquot of standard or vector dilution
(4.5 mL) was added to three replicated wells each containing 5.5 mL
of reaction mix. PCR was carried out on an Applied Biosystems
7900HT Fast Real-time PCR System. Vector genome titers were calcu-
lated by multiplying the copies per well interpolated from the standard
curve with the above dilution factors, assuming that one copy of the
double-stranded plasmid DNA is equivalent to two single-stranded
vector genomes or one self-complementary vector genome.

Vector particle titration by SDS-PAGE electrophoresis and silver

stain

Test article (in duplicate) and reference standards were prepared with
Novex NuPAGE 4X LDS sample loading buffer and 10X reducing
agent, heated at 95�C for 5 min, and then run on a 10% Bis-Tris Nu-
PAGE Gel (Invitrogen, Waltham, MA). Following electrophoresis,
the gel was stained using SilverXpress Staining Kit (Invitrogen) and
dried using DryEase Mini-Gel Drying kit (Invitrogen) according to
the manufacturer’s protocols, then scanned by Epson Perfection
V600 Photo using Epson Scan software “Film” setting (Epson, Na-
gano, Japan). The image was then converted to grayscale and quanti-
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
fied with ImageJ.52 Densitometry measurement and linear regression
analysis of the VP1 bands were performed. A standard curve was
generated by plotting the amount of reference standard loaded vs.
band intensity. Linear regression analysis yielded an equation that al-
lows calculating the amount of particle loaded from each test article
based on the intensity of the VP1 band.26 The particle titer of the
rAAV vector was then computed from the interpolated vector
amount and testing volume, averaged, and qualified with %CV less
than 10% and R2 > 0.98.

Empty and full capsids quantification by cryo-EM

Approximately 3–5 mL of an rAAV vector sample was loaded onto
Quantifoil holey carbon grids and frozen using a Vitrobot Mark IV
cryo plunger. Grids were imaged using a Titan Krios G3i microscope
with a K3 Summit Direct Detector camera and Bioquantum GIF en-
ergy filter. Data were acquired with EPU (ThermoFisher Scientific)
and processed using cryoSPARC. Electron Microscopy Resource
Lab Core Facility performed the above at the Perelman School of
Medicine of the University of Pennsylvania (RRID:SCR_022375).
Empty and full capsids were classified and quantified based on the
particle’s internal density. Regions of uncertainty resulting from over-
lapping capsids, ice formation, and low image contrast settings were
excluded from the analysis. The percentages of empty and full capsids
were determined based on a total of 3,000 particles. Each sample was
evaluated independently by three different operators.

Statistical analysis

Correlations of titers obtained from Stunner AAV Quant and other
conventional methods were tested for normality using the Shapiro-
Wilk test on log-transformed titer data and expressed using the
Pearson correlation coefficient. The nonparametric (Spearman’s) cor-
relation test was used for datasets without a normal distribution. In
the sub-group studies, the differences between Pearson correlations
were tested with a normal test (Z score) after Fisher’s Z transforma-
tion. Scatterplots, correlations, and p values were generated using
the ggplot2 package in R programs (R Foundation). Bootstrapping
(a nonparametric algorithm), where approximately one-sixth of the
large sample sets is randomly selected 10,000 times (resampling
with replacement), was carried out to confirm the robustness of the
correlations in situations where the sample size was small (using a
95% CI). These analyses were performed in RStudio 2022.07.2 Build
576. For cryo-EM and empty/full data, statistical analyses were
performed with GraphPad Prism v9. All results were presented as
mean ± standard deviation. The Student’s t test was used for compar-
ison between the two groups. Results were considered statistically
significant at p < 0.05.

Figure generation

The graphical abstract was created using BioRender.

DATA AND CODE AVAILABILITY
Correlation study datasets and the R programming codes for statisti-
cal analysis are available on request with approval from the Children’s
Hospital of Philadelphia Office of Technology Transfer.
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